A major mechanism by which cancers escape control by the immune system is by blocking the differentiation of myeloid cells into dendritic cells (DCs), immunostimulatory cells that activate antitumor T cells. Tumor-dependent activation of signal transducer and activator of transcription 3 (STAT3) signaling in myeloid progenitor cells is thought to cause this block in their differentiation. In addition, a signaling pathway through protein kinase C bII (PKCbII) is essential for the differentiation of myeloid cells into DCs. We found in humans and mice that breast cancer cells substantially decreased the abundance of PKCbII in myeloid progenitor cells through a mechanism involving the enhanced activation of STAT3 signaling by soluble, tumor-derived factors (TDFs). STAT3 bound to previously undescribed negative regulatory elements within the promoter of PRKCB, which encodes PKCbII. We also found a previously undescribed counter-regulatory mechanism through which the activity of PKCbII inhibited tumordependent STAT3 signaling by decreasing the abundance of cell surface receptors, such as cytokine and growth factor receptors, that are activated by TDFs. Together, these data suggest that a previously unrecognized cross-talk mechanism between the STAT3 and PKCbII signaling pathways provides the molecular basis for the tumor-induced blockade in the differentiation of myeloid cells, and suggest that enhancing PKCbII activity may be a therapeutic strategy to alleviate cancer-mediated suppression of the immune system.
INTRODUCTION
In their role as professional antigen-presenting cells, conventional dendritic cells (DCs) play a central role in the induction and regulation of adaptive immune responses (1, 2) . DCs are uniquely capable of presenting extracellular antigen bound to class I major histocompatibility complex (MHC) molecules through a process known as cross-presentation (1, 3) . Loss of DCs prevents the cross-priming of T cells, which severely limits immune responses by CD8 + T cells, which are also known as cytotoxic T cells and which target tumor cells (3) . These findings suggest that DCs play an essential role in the ability of the immune system to restrain the growth and spread of cancers (4) , even in advanced disease. Indeed, studies in humans demonstrate that ongoing immune responses are an important check on tumor cell growth, even in established tumors (5, 6) , and that the numbers of DCs in and around tumors are an important independent predictor of patient survival in a number of different cancers (5, 7) . Furthermore, patients with genetic mutations that result in the loss of DCs (8) or that impair the function of so-called danger receptors on the surface of DCs (9) suffer from increased cancer incidence and early death, as well as experiencing reduced chemotherapeutic efficacy. Murine models have confirmed that intact, functional conventional DCs are required for the induction of local and systemic antitumor responses by CD8 + T cells (3) . Thus, the ability of cancers to progress is dependent on mechanisms that enable tumors to elude, disrupt, or suppress this immune control. One major mechanism involved is the tumor-induced blockade of the differentiation of myeloid cells into DCs. This phenomenon was first described in breast cancer patients (10) , and has been widely reported in solid and hematologic malignancies (10, 11) , as well as in a number of inflammatory and autoimmune conditions (11) . It is now thought that this blockade in myeloid cell differentiation is one manifestation of a global disruption in normal myelopoiesis that also gives rise to the accumulation of actively immunosuppressive and protumorigenic immature myeloid cells, collectively termed myeloid-derived suppressor cells (MDSCs) (10) , whose presence correlates with poor overall survival in cancer patients (12) . Thus, this tumor-mediated block in myeloid cell differentiation may compromise antitumor immunity through both the loss of mature immunostimulatory DCs (5, 7) and the accumulation of immunosuppressive MDSCs.
The signaling events that impair the generation of DCs in cancer patients are elicited by a large number of soluble, tumor-derived factors (TDFs), such as vascular endothelial growth factor (VEGF), interleukin-6 (IL-6), and granulocyte colony-stimulating factor (G-CSF), which accumulate to large amounts in the circulation, and are secreted either by the tumor itself or by stromal cells in the tumor microenvironment in response to tumor-derived signals (10, 13) . The common signaling feature of these TDFs is their ability to strongly stimulate sustained activation of the signal transducer and activator of transcription 3 (STAT3) signaling pathway (10) , which, in turn, impairs the differentiation of myeloid cells to DCs as well as DC function (14, 15) .
Despite its central role in tumor-mediated immunosuppression, the molecular mechanisms by which enhanced STAT3 signaling impairs 1 myeloid cell differentiation remain unknown, unlike the mechanisms by which it supports the survival and function of MDSCs, which have been characterized in a number of seminal studies (16) (17) (18) . We previously found that signaling through the serine and threonine kinase PKCbII (protein kinase C bII) is essential for the differentiation of myeloid progenitor cells into DCs, and that subtle changes in the abundance or activity of PKCbII substantially alter the ability of the resulting DCs to activate T cells (19) . This raises the possibility that decreased PKCbII protein abundance might be a potential mechanism of tumor-mediated blockade of DC generation; however, PRKCB (the gene that encodes PKCbI and PKCbII) has not been previously reported to be a STAT3 target gene.
PKCbII and PKCbI are splice variants of the PRKCB gene (20) . They are fully activated by the second messengers diacylglycerol and Ca 2+ , whereupon they translocate to the plasma membrane and are stabilized in an active conformation by scaffold proteins, which enables their full kinase activity (20) . We and others reported that the activation of PKCbI or PKCbII specifically drives the differentiation of myeloid progenitor cells to DCs (19, 21) , whereas pharmacologic inhibition of PKCbII or its spontaneous loss in human DC progenitor cell lines prevents their differentiation into DCs (19) . These studies also demonstrated that PKCbII signaling positively autoregulated the PRKCB promoter, maintaining stable expression through the basal activity of PKCbII (19) . Unexpectedly, however, there are myeloid progenitor cell lines that spontaneously lose PKCbII and the ability to undergo differentiation to DCs. For example, KG1 cells have readily detectable PKCbII protein, whereas the naturally arising daughter cell line KG1a does not (19, 22) . These findings suggest the existence of undescribed mechanisms that inhibit the expression of PRKCB despite the positive feedback loop provided by the basal enzymatic activity of PKCbII. These observations led us to examine whether STAT3 signaling resulted in decreased PKCbII abundance, and whether this was the underlying mechanism by which tumors and TDFs blocked the differentiation of myeloid cells into DCs.
Here, we report that PKCbII abundance in myeloid cells is decreased in patients with advanced breast cancer and in tumor-bearing mice. In vitro experiments revealed that TDFs stimulated the enhanced activation of STAT3 in myeloid progenitor cells, and that STAT3 reduced the abundance of PKCbII protein and the expression of PRKCB2 by binding to previously undescribed negative regulatory elements in the PRKCB promoter. We also discovered a previously uncharacterized mechanism by which the activity of PKCbII limited the ability of TDFs to activate STAT3 signaling. This work identifies a regulatory network in which, on the one hand, STAT3 inhibits PRKCB2 expression and, on the other, PKCbII activity inhibits STAT3 activation.
RESULTS

PKCbII abundance is decreased in myeloid cells from breast cancer patients and tumor-bearing mice
To determine whether PKCbII abundance in myeloid cells was reduced in the presence of cancer, we measured PKCbII amounts in peripheral blood myeloid cells [characterized as CD11b
− (CD5 is a pan-lymphocyte marker)] from newly diagnosed patients with advanced breast cancer (table S1) and in purified splenic myeloid cells [the spleen being a major site of MDSC accumulation (10) ] from tumor-free control mice or from mice bearing EL4 (thymoma) or AT3 (breast) tumors. We found that advanced breast cancer patients had significantly fewer PKCbII-containing CD11b +
CD5
− myeloid cells in the blood than did healthy donors (P = 0.041; Fig. 1, A and B) . This was also seen in tumor-bearing mice, in which splenic myeloid cells isolated by Gr1-based positive selection from EL4 tumorbearing mice had considerably decreased PKCbII protein abundance compared to that of non-tumor-bearing control mice (Fig. 1C) . Purified CD11b + splenic myeloid cells from AT3 tumor-bearing mice also had significantly less Prkcb2 mRNA than did tumor-free control mice (P = 0.031; Fig. 1D ).
We further examined publically available gene expression profiles [National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) database accession GSE21927 (23)] of tumor-free mice and mice bearing a number of different tumors. In these studies, CD11b + cells isolated from the spleens and tumors of mice bearing breast (4T1), thymoma (EL4), colon (C26-GM), and fibrosarcoma (MCA203) tumors had significantly reduced Prkcb mRNA abundance compared to that in CD11b + splenocytes from healthy mice (P ≤ 0.038; Fig. 1E ). These observations demonstrate the decreased abundance of PKCbII in myeloid cells in cancer patients and in mice bearing various solid and hematologic tumors. This reduction in PKCbII abundance would suggest a diminished capacity of these myeloid cells to undergo differentiation to DCs, because we have found that PKCbII protein abundance is a key determinant of the ability of progenitors to commit to and complete this differentiation process (19) .
When we knocked down PKCbII in the myeloid progenitor cell line K562, which we previously used to study PKC activation during the differentiation of progenitor cells to DCs (24), we observed a significant decrease in the ability of these cells to stimulate the proliferation of T cells (P < 0.05), which is a hallmark of DC function (fig. S1, A and B). In addition, we found that knockdown of PKCbII in primary human monocytes undergoing cytokine-driven differentiation to DCs resulted in a marked reduction in the extent of activation of nuclear factor kB (NF-kB) and extracellular signal-regulated kinase (ERK) pathways ( fig. S1C ). Both of these signaling pathways are critical mediators of DC generation (25) (26) (27) (28) , and they are activated by PKCbII in other cell types (29) (30) (31) . We previously demonstrated that PKCbII mediates the activation of noncanonical NF-kB signaling in DC generation (32) . Because the abundance of the NF-kB family member RelB is itself transcriptionally regulated by other NF-kB family members (33), we used increases in its abundance as a readout for NF-kB activation, whereas we used phosphorylation of ERK1/2 as a readout for the activation of ERK (fig. S1C). Unstimulated monocytes had low PKCbII protein abundance, which was markedly increased by culture in the presence of granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-4. The extent of this increase was substantially reduced in monocytes transfected with plasmid encoding enhanced green fluorescent protein (EGFP) and small interfering RNA (siRNA) specific for PKCb (pEGFPsiPKCb) compared to that in untransfected cells and in cells transfected with a plasmid encoding EGFP and a negative control siRNA (pEGFP-siEmpty) ( fig. S1C ). Both the NF-kB and ERK pathways were activated in either untransfected or control-transfected monocytes in response to GM-CSF and IL-4; however, the reduced abundance of PKCbII protein in the monocytes expressing siPKCb was reflected in a four-to eightfold decrease in the extent of activation of both downstream pathways. These observations suggest that PKCbII is necessary for the induction of NF-kB and ERK signaling during the cytokine-dependent differentiation of myeloid cells to DCs, and suggest the possibility that tumor-induced decreases in PKCbII abundance may inhibit differentiation to DCs by inhibiting downstream NF-kB and ERK signaling.
Tumor-secreted soluble factors suppress differentiation to DCs through reduced PKCbII abundance
The populations of myeloid cells found in tumor-bearing individuals are likely to be qualitatively different from those found in tumor-free individuals. To distinguish between qualitative differences in cell populations versus cell-intrinsic changes in PKCbII abundance, we cultured myeloid DC progenitor cells in tumor-conditioned medium (TCM) in vitro to directly test for cell-intrinsic effects. For these experiments, we used both normal human
CD14
+ monocytes and the KG1 cell line, both of which we previously used to model the differentiation of myeloid cells to DCs (19) . KG1 cells are a human CD34 + myeloid leukemia progenitor-like cell line that undergoes differentiation to DCs in response to cytokines, including GM-CSF and tumor necrosis factor-a (TNF-a), or phorbol ester [for example phorbol 12-myristate 13-acetate (PMA)], stimuli that activate PKCbII (19, 22) . IL-4 was included in all monocyte cultures to suppress their differentiation to macrophages (34) . Monocytes cultured in TCM for 7 days had significantly reduced amounts of PKCbII protein compared to that in cells grown in normal medium (P = 0.029; Fig. 2A ). Monocytes cultured in DC-inducing cytokines (GM-CSF, IL-4, and TNF-a) for 11 additional days acquired cell surface expression of DC markers, including MHC class I, MHC class II, CD11c, CD40, CD80, CD83, and CD86 (Fig. 2B) , a characteristic DC morphology, based on clustering and long extended dendrites (Fig. 2C) , and the ability to stimulate robust proliferation of T cells (Fig. 2D) , a central functional characteristic of DCs. However, in the presence of TCM, the differentiating cells failed to acquire the classical DC morphology (Fig. 2C ). These cells also had somewhat reduced cell surface expression of MHC I, MHC II, and CD40 compared to that of cells cultured in control medium, and they had a substantially increased abundance of the monocyte marker CD14 (Fig. 2B) . Furthermore, the ability of the TCM-treated cells to stimulate the proliferation of allogeneic T cells was likewise significantly reduced (P = 0.016; Fig. 2D ). Together, these findings are consistent with the impaired differentiation of primary human monocytes into DCs. We observed similar results in experiments with KG1 cells. We cultured KG1 cells in TCM or in conditioned medium from nontumorigenic, immortalized human mammary epithelial cells [non-tumor-conditioned medium (NTCM)]. We found that culture of KG1 cells in TCM significantly decreased the abundance of PKCbII protein compared to that in untreated KG1 cells (P < 0.001), whereas culture of the cells in NTCM had no effect (Fig. 3A) . This finding is consistent with our observations from experiments with human monocytes. We observed small (although statistically significantly different; P = 0.026) increases in PKCbI abundance in the cells (compared with TCM from MDA-MB-231 cells, but not MCF-7 cells), but this did not offset the larger decrease in PKCbII protein abundance (Fig. 3A) , suggesting that alterations in the alternative splicing to generate PKCbI or PKCbII isoforms did not play a major role in tumor-driven decreases in PKCbII abundance. Studies in other cell types have demonstrated that generation of PKCbI is favored over that of PKCbII (35) , which may account for the preservation of the abundance of the former at the expense of the latter. Culture of KG1 cells in TCM likewise significantly reduced the abundance of PRKCB2 mRNA (P = 0.004; Fig. 3B ) to a similar extent as that seen for the protein. KG1 cells treated with PMA for 7 days underwent differentiation into DCs, which stimulated significant proliferation of allogeneic T cells (P < 0.001); however, this process was significantly reduced in the presence of TCM (P < 0.001; Fig. 3C ), also similar to what we observed in experiments with primary human monocytes.
Because TDFs impaired progenitor cell differentiation to DCs by reducing PRKCB2 mRNA and PKCbII protein abundances, we reasoned that enforced expression of PKCbII should prevent impaired differentiation. To examine this, we used KG1 cells and the KG1a-PKCbII-GFP cell line, which was stably transfected with a plasmid encoding KG1 cells were cultured in complete medium (Med), TCM (derived from MCF-7 or MDA-MB-231 cells), or NTCM (derived from MCF-10a cells) for 14 days, and for the last 7 days were cultured in the absence or presence of PMA. (A) Whole-cell lysates were collected on day 7 and were analyzed by Western blotting with antibodies against the indicated proteins. Top: Representative Western blots. Bottom: Densitometric analysis of combined Western blotting data. Data are means ± SEM from three (for PKCbI) or four (for PKCbII) independent experiments. ****P < 0.001 for MDA-MB-231 and MCF-7 TCM PKCbII blots; *P = 0.026 for MDA-MB-231 PKCbI blots (Student's t test). (B) RNA was isolated on day 7, and PRKCB2 mRNA abundance was determined by qPCR analysis. Data are means ± SD from five independent experiments. ***P = 0.004 by Student's t test. (C) Cells were harvested on day 14, cultured alone or with T cells, and then examined for their ability to stimulate T cell proliferation on the basis of [ 3 H]thymidine incorporation. Data are means ± SD from three independent experiments. ****P < 0.001 by one-way ANOVA and post hoc tests for select comparisons. (D) T cell stimulation by cells expressing exogenous PKCbII in the presence and absence of TCM. KG1 cells and the KG1a-PKCbII-GFP clones E9 and E11 were treated as described in (C) and were cultured alone or with T cells. Data are means ± SD from three independent experiments. ****P < 0.001 (Student's t test); N.S., not significant. the cytomegalovirus promoter-driven PRKCB2 (19) . PKCbII in these cells was thus resistant to negative regulation by TCM. We cultured these cells in normal medium or in TCM with or without PMA, and then assessed their ability to stimulate the proliferation of allogeneic T cells as a measure of DC differentiation. Undifferentiated KG1 or KG1a-PKCbII-GFP cells induced minimal T cell proliferation in all cases, whereas PMA-differentiated cells induced substantial T cell proliferation (Fig. 3D) . PMA-differentiated KG1 cells cultured in TCM induced significantly less T cell proliferation than did KG1 cells cultured in control medium (P < 0.001). In contrast, the extent of T cell proliferation induced by PMA-treated differentiated KG1a-PKCbII-GFP cell clones E9 and E11 was unaffected by the presence of TCM (Fig. 3D ). These findings suggest that TDFs decrease the abundance of PKCbII, which impairs the ability of myeloid progenitor cells to undergo differentiation into DCs.
STAT3 activation is associated with decreased PKCbII abundance
Because enhanced activation of STAT3 is a major mechanism by which TDFs inhibit the differentiation of myeloid cells into DCs (10), we next examined whether this process was occurring in our system. We began by comparing baseline STAT3 activity in KG1 cells (PKCbII + ) and KG1a cells (PKCbII − ), a spontaneously arising daughter cell line of KG1 cells that do not undergo differentiation into DCs because of lost expression of PRKCB2 (19, 22) . Compared to the minimal amount of STAT3 activation Densitometric analysis of combined Western blots. Data are means ± SD from three independent experiments. ***P < 0.005, ****P < 0.001, by Student's t test. (B) Kinetics of STAT3 activation by TCM. KG1 cells were cultured in complete medium (Med.) or TCM, and whole-cell lysates were collected at the indicated times and analyzed by Western blotting with antibodies against the indicated proteins. Top: Representative Western blots. Bottom: Densitometric analysis of combined Western blots. Data are means ± SD from three independent experiments. Left: *P = 0.016 by one-way ANOVA on ranks and post hoc test. Right: *P = 0.020 by Student's t test. (C) Analysis of PRKCB promoter activity. KG1 cells were transfected with a PRKCB promoter-based reporter construct (19) or with pGL3-basic (as a vector control) and then were cultured in the presence or absence of TCM for 24 hours before luciferase activity was determined (which was normalized to Renilla luciferase activity). Data are means ± SD from three independent experiments. **P = 0.0073 by Student's t test. (D) Breast tumor cell lines produce IL-6. The abundances of IL-6 in fresh medium, TCM, or NTCM were determined by enzyme-linked immunosorbent assay (ELISA). Data are means ± SD from three independent experiments. ****P < 0.001 by one-way ANOVA. (E and F) Effect of IL-6 neutralization in TCM on STAT3 activation and PKCbII abundance. KG1 cells were cultured in medium or TCM (from MDA-MB-231 cells) that had been treated with either an IL-6-neutralizing antibody or an immunoglobulin G (IgG) isotype control antibody. Whole-cell ly- Actin sates were collected after (E) 15 min or (F) 7 days and were analyzed by Western blotting. Top: Representative Western blots. Bottom: Densitometric analysis of combined Western blots. Data are means ± SD from three independent experiments. ****P < 0.001 by one-way ANOVA on ranks and post hoc test (for E), and ***P < 0.005 by one-way ANOVA and post hoc test (for F).
that we observed in KG1 cells, as assessed by detection of phosphorylation of Tyr 705 , KG1a cells exhibited significantly increased STAT3 activity (P < 0.005; Fig. 4A ). This negatively correlated with the pattern of PRKCB2 expression, suggesting an inverse relationship between PRKCB2 expression and basal STAT3 activity. It is unclear why KG1a cells have constitutive STAT3 activity, although it is possible that they secrete an autocrine factor that activates STAT3 or that they have an as yet uncharacterized mutation in a cytokine receptor that results in constitutive STAT3 activity. Although KG1 cells lacked basal STAT3 activity, STAT3 phosphorylation was significantly and rapidly increased in response to TCM (P = 0.016; Fig.  4B ). Although the extent of STAT3 activation peaked within 15 min, the extent of STAT3 phosphorylation was significantly greater in TCM-stimulated cells than in unstimulated cells as late as 3 days after exposure (P = 0.020; Fig. 4B ), demonstrating that TCM stimulated sustained STAT3 activation.
Although typically thought of as an inducer of gene transcription, STAT3 represses the transcription of certain genes, such as that encoding glucose-6-phosphatase (36) . Because TCM both induced considerable STAT3 activity and significantly decreased PRKCB2 mRNA abundance (P = 0.004), and because STAT3 acts as a transcriptional repressor, we examined its effect on PRKCB promoter activity. KG1 cells transfected with a PRKCB promoterbased reporter construct exhibited a significant decrease in PRKCB promoter activity when they were cultured with TCM rather than with control medium (P = 0.0073; Fig. 4C ). The TCM-induced reduction in promoter activity was similar in magnitude to the reduced abundance of PRKCB2 mRNA and PKCbII protein, suggesting that decreased transcriptional activity is the primary mechanism underlying decreased PKCbII protein abundance.
TCM contains many different TDFs that could potentially activate STAT3 and might alter PRKCB2 expression. To more precisely characterize this, we tried to determine the specific factor within the TCM that reduced PKCbII protein abundance. We found that conditioned medium from MDA-MB-231 cells contained an IL-6 concentration of 40.1 ± 7.0 ng/ml (Fig. 4D) , and that pretreatment of TCM with an IL-6-neutralizing antibody largely abrogated the TCM-dependent activation of STAT3 (Fig.  4E ) and decrease in PKCbII protein abundance in KG1 cells (Fig. 4F) . Increased serum concentrations of IL-6 correlate with poor prognosis in patients with breast cancer (37) , as well as with impaired DC generation and increased MDSC accumulation in other malignancies (38) . This may result from IL-6-mediated decreases in PKCbII abundance in DC progenitors. In addition to IL-6, we also examined G-CSF, which is a STAT3-activating TDF (13) . We first examined additional gene expression profiles in the NCBI GEO database accession GSE21927 (23) that we interrogated earlier (Fig. 1E) . We generated gene expression profiles from bone marrow cells freshly isolated from BALB/c mice and then treated in vitro with GM-CSF and G-CSF, and we found that Prkcb2 mRNA abundance was significantly reduced in cells treated with G-CSF and GM-CSF compared to that in control cells (P < 0.005; fig. S2 ).
To test the effect of TDF depletion in vivo, we returned to the AT3 tumor model because AT3 tumors secrete abundant amounts of G-CSF (13) . Mice bearing AT3 tumors were given daily injections for 8 days of a G-CSF-neutralizing antibody after tumors became palpable. Ten days later, spleens were harvested from the sacrificed mice. When we examined CD11b + splenic myeloid cells taken from AT3 tumor-bearing mice, we found that Prkcb2 expression was increased in cells from mice that received the G-CSF-neutralizing antibody compared to that in cells from mice that received the isotype control antibody, although this difference did not reach statistical significance ( fig. S3 ). This finding suggests that G-CSF plays a role in decreasing Prkcb2 expression in vivo, and we suspect that the effect of neutralization of G-CSF might have been more profound at time points closer to the completion of antibody administration or if other TDFs had been concurrently neutralized.
Activation of PKCbII inhibits the TDF-dependent activation of STAT3
When we cultured the KG1a-PKCbII-GFP cell clones E9 and E11 in TCM to assess the effect of increased PKCbII abundance, we unexpectedly found that TCM failed to activate STAT3 in these cells (Fig. 5A) . Gene expression profiling revealed that the E9 and E11 cell lines had substantially decreased abundance of the receptors for IL-6, VEGF, and G-CSF ( Table 1 ), factors that activate STAT3 and impair the differentiation of myeloid cells to DCs (10, 13) . Although both cell lines expressed transcripts for all three receptors, KG1 and KG1a cells had only IL-6Ra present on their surface, whereas the E9 and E11 cell clones had none of these receptors on their surface (Fig. 5, B to D, and fig. S4, A to C) . Although KG1 cells expressed PKCbII, the abundance of PKCbII in the E9 and E11 clones was increased, and thus, they exhibited more basal PKCbII activity than was observed in KG1 cells, although the amount of activity was not sufficient to spontaneously induce their differentiation into DCs (19) . This finding was suggestive of a previously unrecognized ability of PKCbII to prevent STAT3 signaling by reducing the cell surface abundances of receptors that promote STAT3 activation. We tested this possibility directly by treating KG1 and KG1a cells with PMA to specifically activate PKC. This treatment significantly reduced the cell surface abundance of IL-6Ra on KG1 cells (P ≤ 0.034), but not KG1a cells, indicating that this response specifically involved PKCbII (Fig. 5 , E to G). We also found that PMA significantly decreased the abundance of IL6RA mRNA (P ≤ 0.026), as well as those of CSF3R [which encodes G-CSF receptor (G-CSFR); P < 0.05] and KDR [which encodes VEGF receptor 2 (VEGFR2); P < 0.001] (Fig. 5H and fig. S4 , D and E). These findings suggest the existence of counter-regulatory mechanisms by which PKCbII activity antagonizes STAT3 signaling and STAT3 activity represses PRKCB expression.
STAT3 activation directly inhibits the expression of PRKCB2
To test the direct effect of STAT3 activation on PRKCB2 expression in the absence of any other signals from the TCM, we generated cell clones stably expressing wild-type STAT3, dominant-negative STAT3 (DN-STAT3), or constitutively active STAT3 (CA-STAT3) in the human myeloid progenitor cell line K562 (24) . We chose the K562 model because we previously demonstrated that K562 cells undergo differentiation into DCs in response to PKC activation (24) , and that K562 cells had relatively less endogenous STAT3 activity compared to that of KG1 cells, and that they exhibited minimal activation of STAT3 in response to TCM (Fig. 6A) . Whereas expression of wild-type STAT3 had no effect on the abundance of PKCbII protein in K562 cells, blockade of basal STAT3 signaling by the DN-STAT3 mutant significantly increased PKCbII abundance (P ≤ 0.005; Fig. 6B ). Conversely, K562 clones expressing the CA-STAT3 mutant had significantly reduced abundances of PKCbII protein (P < 0.001; Fig. 6B ) and PRKCB2 mRNA compared to those in untransfected K562 cells or clones expressing wild-type STAT3 (Fig. 6C ). This decrease in PKCbII abundance was dependent on continued STAT3 signaling because the pharmacologic inhibitor of STAT3 phosphorylation FLLL32 (39) led to a twofold increase in PKCbII protein abundance in clones expressing the CA-STAT3 mutant, whereas it had no effect in untransfected cells or in cells expressing wild-type STAT3 (Fig. 6D) .
TDFs induce the binding of STAT3 to the PRKCB promoter, which reduces its activity Although we found that the enhanced activation of STAT3 led to decreased PKCbII abundance, our data did not discriminate between whether STAT3 acted indirectly (for example, by altering the abundance of some other factor that is necessary for PRKCB2 expression) or bound directly to the PRKCB promoter to inhibit its activity. In silico analysis of the PRKCB RelativeIL6RA mRNA expression * * * IL-6Rα IL-6Rα 10 10 Medium PMA trol antibody. Data are means ± SEM from three independent experiments. (E to G) PKC activation decreases the cell surface abundance of IL-6Ra on KG1 cells, but not KG1a cells. KG1 and KG1a cells were cultured in complete medium in the presence or absence of PMA for 24 hours, and the abundance of IL-6Ra on the cell surface was assessed by flow cytometric analysis. (E) Representative histograms are shown. Gray histograms show the isotype control, whereas black lines indicate specific IL-6Ra staining. (F) MFIs of IL-6Ra (less the MFIs of isotype antibody staining) on the indicated cells cultured for 24 hours in the presence or absence of PMA. Data are means ± SEM from three independent experiments. *P = 0.034 by Student's t test. (G) Percentages of viable cells that expressed cell surface IL-6Ra, as determined relative to staining with the isotype control antibody. Data are means ± SEM from three independent experiments. *P = 0.011 by Student's t test. (H) PKC activation decreases IL6RA mRNA abundance. KG1 cells were treated with complete medium in the presence or absence of PMA for up to 72 hours. Total RNA was then collected from the cells at the indicated times, and gene expression was analyzed by qPCR. Data are means ± SD from three independent experiments. *P = 0.026 (24 hours), P = 0.01 (48 hours), and P = 0.009 (72 hours) (all determined by Student's t test).
promoter revealed four putative STAT3-binding sites (40-42) within a region 1000 base pairs (bp) upstream of the transcriptional start site and within 200 bp of each other (Fig. 7A) . Further analysis revealed that of these sites, only site 4 was widely conserved among mammalian species (Fig. 7A) . Chromatin immunoprecipitation (ChIP) analysis of these sites revealed that TCM significantly enhanced the binding of STAT3 to the PRKCB promoter (P = 0.029) without changing the extent of binding of either STAT1 or STAT5 (Fig. 7B) . To determine whether the binding of STAT3 to the PRKCB promoter at any of these sites suppressed the expression of PRKCB2, we performed site-directed mutagenesis of each site. We found that ablation of site 4 prevented the suppression of PRKCB promoter activity by TCM, whereas mutation of the other putative STAT3-binding sites had no effect (Fig. 7C) . To further validate that the binding of STAT3 at site 4 decreased PRKCB promoter activity, we tested the activity of the PRKCB promoter mutated at site 4 in the presence of recombinant IL-6 ( Fig. 7F ) and the CA-STAT3 mutant (Fig. 7G) . In both cases, the mutated promoter, but not the unmodified one, was unaffected by STAT3 activation. These observations reveal a previously unreported mechanism of PKCbII regulation, wherein activated STAT3 directly binds to the PRKCB promoter to repress its activity.
DISCUSSION
Ongoing immune responses continue to control tumor growth late into disease, and they are predictive of patient survival (5-7). Conversely, cancer induces a state of immunosuppression in patients, particularly with regard to antitumor immunity (10) . Although there are many mechanisms by which tumors escape the immune system, the decreased number of conventional myeloid DCs, which is one manifestation of the global blockade in the differentiation of myeloid cells (10) , is an important cause of tumormediated suppression of the immune system (10, 17) . DCs are central components of the immune response, and their presence in the tumor microenvironment positively correlates with patient survival (5, 7). DCs are also necessary for the optimal efficacy of certain chemotherapeutics (9) . Thus, the depletion of DCs that results from the impaired differentiation of myeloid cells would be expected to directly impair immune control of established tumors and new tumor variants, weaken immune responsiveness at potential metastatic sites, and compromise chemotherapeutic effectiveness. Thus, understanding the molecular basis behind the tumor-mediated inhibition of DC generation and preventing or reversing it are keys to improving the immune control of existing tumors.
Impaired generation of DCs in cancer is mediated by the enhanced activation of STAT3; however, the mechanism by which sustained STAT3 activation blocks the differentiation of myeloid cells remains unclear, particularly with regard to their differentiation into DCs. PKCbII signaling is activated by cytokines and phorbol esters, which drive the differentiation of myeloid cells, and its function in human myeloid progenitor cells is a prerequisite for their ability to undergo differentiation into DCs (19, 43) . PKCbII activates downstream signaling pathways, including NF-kB and ERK, that play a critical role in differentiation into DCs (19) , and studies are ongoing to fully elucidate this process. Basal PKCbII activation stimulates the expression of PRKCB through a stable positive feedback loop (19) , which raises the question of how PKCbII is spontaneously lost in cells, such as KG1a cells, and points to a previously undescribed negative regulatory signal. This led us to examine whether PKCbII was the target of the tumor-mediated enhanced activation of STAT3.
Here, we reported that myeloid cells from breast cancer patients and tumor-bearing mice have significantly decreased PKCbII abundance compared to that in normal controls (P ≤ 0.05). These observations are supported by our analysis of a larger, publicly available data set (GSE21927) (23) of gene expression profiles of CD11b + myeloid cells from tumor-free mice and two strains of mice bearing various tumors, in which the presence of a tumor led to a significant decrease in Prkcb abundance at the tumor site and in splenic myeloid cells (P ≤ 0.05). In vitro experiments with human monocytes and myeloid progenitor cell lines demonstrated that this decrease in PKCbII abundance occurred in a cell-intrinsic manner, and that it was the primary mechanism underlying the TCM-dependent impairment of the differentiation of myeloid cells into DCs. Thus, our observations suggest that tumor-dependent STAT3 signaling blocks the differentiation of myeloid cells into DCs by limiting the capacity for PKCbII to activate these downstream signals (including ERK and NF-kB signaling) in progenitor cells.
Our in vitro studies demonstrated that TDFs stimulated the sustained activation of STAT3, consistent with previously reported observations (10) . This finding uncovers a previously uncharacterized mechanism of PKC regulation. Whereas PKC family members directly interact with or indirectly regulate STAT3 at the protein level (44), we have demonstrated the transcriptional control of PRKCB expression by STAT3. The PKC family is subject to tight and multilayered regulation at the protein level, including multiple required cofactors, phosphorylation steps for full activity, and differential subcellular localization (20) . Moreover, the abundances of PKCbI and PKCbII are differentially regulated by alternative mRNA splicing (45) ; however, the transcriptional regulation of PKC isoforms has remained largely unexplored. Together, our data suggest a model in which TDFs stimulate the sustained binding of STAT3 to previously undescribed negative regulatory elements in the PRKCB promoter, impairing its transcriptional activity and blocking the differentiation of myeloid cells into DCs.
In the course of our experiments, we found that IL-6 produced by breast cancer cell lines decreased the abundance of PKCbII in KG1 myeloid progenitor-like cells. Normal and malignant breast epithelial cells produce IL-6 (46, 47) , and the increased abundance of circulating IL-6 is an indicator of poor prognosis in breast cancer patients (37) . Our findings suggest that one potential mechanism by which IL-6 is detrimental to survival is to weaken antitumor immune responses by blocking the generation of DCs. IL-6 is not the only TDF that is linked to dysregulated (10, 13, 17) . Our model suggests that although the exact combination of TDFs may change from patient to patient, the salient feature of these TDFs is the resulting enhanced activation of STAT3, which leads to a reduction in PKCbII abundance and a blockade in differentiation to DCs. New therapies to stimulate an increase in PKCbII abundance or disrupt STAT3 signaling in myeloid progenitor cells might therefore be more effective than targeted cytokine depletion in alleviating the immunosuppressive tumor microenvironment (48) . In the course of this work, we unexpectedly found that PKCbII abundance or activation counter-regulated STAT3 signaling by inhibiting the cell surface expression of receptors for the STAT3-activating cytokines IL-6, G-CSF, and VEGF. We observed these changes even when cells expressed the mRNAs for these receptors, without apparently making the protein. This previously unrecognized interaction suggests the existence of two negative regulatory networks that serve to positively reinforce one signal at the expense of the other: STAT3 signaling reduces PRKCB expression, which enables enhanced or sustained STAT3 signaling, whereas PKCbII signaling decreases the cell surface expression of STAT3-activating receptors, limiting STAT3 signaling and removing a check on PRKCB2 generation. This suggests that an increase in the abundance or activity of PKCbII might be used to disrupt the tumor-dependent increase in STAT3 activation and, thus, enhance the differentiation of myeloid cells into DCs. The activation of PKCbII through cytokines, phorbol esters, or PKCb peptide agonists (49) would induce further generation of PKCbII directly through its positive autoregulatory feedback loop (19) , as well as indirectly by reducing the ability of TDFs to transduce STAT3 signals in myeloid progenitor cells. This approach could synergize with existing attempts to develop clinically applicable pharmacologic inhibitors of STAT3. Further studies are required to determine the precise relationship between these two networks in the normal differentiation of myeloid cells into DCs.
Although the activation of PKCbII may disrupt the tumor-dependent suppression of the immune response, PKCbI and PKCbII also have protumorigenic effects in epithelial tumors (50) . The PKCb inhibitor enzastaurin (50) effectively inhibits the growth of human breast cancer cell lines in vitro and in transplanted murine breast carcinomas in vivo (51) . However, multiple phase 2 clinical trials showed that enzastaurin was ineffective in treating metastatic breast cancer, alone or in combination with chemotherapeutics (52) . One study found a marginal decrease in overall patient survival when enzastaurin was combined with capecitabine (52) . Considering the importance of ongoing antitumor immune responses, this raises the possibility that any benefit derived from inhibiting PKCb in tumor cells may be offset by the decreased generation of DCs because of impaired PKCbII activity in differentiating Densitometric analysis of combined Western blots. Data are means ± SD from four independent experiments. ****P = < 0.001 for all pairwise comparisons except for DN-STAT3 versus WT-STAT3 (***P = 0.005) and K562 versus WT-STAT3 (P = 0.139). Statistical analysis was performed by one-way ANOVA and post hoc test. (C) PRKCB2 mRNA abundance. Total RNA was isolated from parental K562 cells and from a panel of cell clones stably expressing exogenous WT-STAT3 or CA-STAT3, and qPCR analysis was performed to determine the relative abundance of PRKCB2 mRNA normalized to that of ACTB mRNA. Independent sample numbers were as follows: n = 6 (parental), n = 11 (WT-STAT3), and n = 16 (CA-STAT3). Data are means ± SEM. **P < 0.01 by one-way ANOVA on ranks and post hoc test for all pairwise comparisons. (D) Parental K562 cells or cells stably expressing exogenous WT-STAT3 or CA-STAT3 were cultured with the STAT3 inhibitor FLLL32 (5 mM) or dimethyl sulfoxide (DMSO) (carrier control, 0.05%) for 24 hours and then were analyzed by Western blotting. Top: Representative Western blots. Bottom: Densitometric analysis of combined Western blots. Data are means ± SD from three independent experiments. ****P < 0.001 by Student's t test.
myeloid progenitor cells. While arguing for caution, this dichotomy also suggests that a therapy to inhibit PKCb in tumor cells while selectively enhancing PKCbII activity in myeloid cells could yield clinical benefit.
Our findings do not directly address whether the STAT3-PKCbII mechanism leading to the blockade in DC generation also results in the accumulation of MDSCs, but they raise this possibility. The impaired differentiation of DC progenitors may directly contribute to the accumulation of the monocytic MDSC pool. At a more global level, it is possible that decreased PKCbII abundance may be a component underlying the broader dysregulation of myelopoiesis seen in cancer. In this scenario, TDFinduced loss of PKCbII in early myeloid progenitor cells inhibits their ability to fully differentiate, resulting in the accumulation of immature cells. Changes in PKCbII abundance may also alter the commitment of progenitors to specific lineages, increasing the proportion of cells that adopt the granulocytic lineage at the expense of monocytic, macrophage, or DC lineages.
In describing a molecular basis for tumor-dependent inhibition of DC progenitor differentiation, our work suggests new avenues of immune manipulation in the treatment of disease. We predict that increasing PKCbII protein abundance in myeloid progenitor cells, or preventing its initial decrease, would alleviate a substantial proportion of tumor-associated immune suppression, improving prognosis and prospects for immunotherapy. The activation of PKCbII within myeloid progenitor cells could serve the dual purpose of abrogating STAT3 signaling and enhancing PKCbII protein abundance, thereby enhancing the differentiation of myeloid cells into DCs.
MATERIALS AND METHODS
Cells and culture
K562 cells (derived from a BCR-ABL
+ human chronic myeloid leukemia blast), KG1 cells (derived from a CD34 + human acute myeloid leukemia blast), and KG1a cells (a spontaneously arising daughter cell line of KG1) were obtained from the American Type Culture Collection (ATCC) and were cultured at 2 × 10 5 to 5 × 10 5 cells/ml in Iscove's modified Dulbecco's modified Eagle's medium (IMDM) containing 100 mM L-glutamine, 100 U of penicillin and streptomycin (all from Mediatech Inc.), and 10% (for K562 cells) or 20% (for KG1 and KG1a cells) fetal calf serum (FCS; HyClone) (complete medium), as previously described (19, 24) . Culture medium was changed every 2 to 3 days. The generation of the KG1a-PKCbII-GFP E9 and E11 clones stably KG1 cells were treated with or without TCM for 15 min and then were subjected to ChIP assays with the antibodies against the indicated targets or with isotype control antibody. Binding to the PRKCB promoter was assessed by qPCR analysis. Data are means ± SEM from three (for STAT1 and STAT5) or four (for STAT3) independent experiments. *P = 0.029 by Mann-Whitney rank sum test (for STAT3), P = 0.227 by Student's t test (for STAT1), and P = 0.754 by Student's t test (for STAT5). (C to E) KG1 cells were transfected with pRL-CMV together with pGL3-basic, the unmodified PRKCB promoter reporter construct, or PRKCB promoter constructs in which site 1, sites 2 and 3, or site 4 was ablated (pPKCb-Mut-1, pPKCb-Mut-2/3, and pPKCb-Mut-4, respectively). Cells were cultured in the presence or absence of (C) TCM or (D) IL-6 (150 ng/ml), or (E) were cotransfected with the WT-STAT3 or CA-STAT3 constructs, and dual luciferase activity was assessed. Data are means ± SD from three independent experiments. ***P < 0.005; ****P < 0.001, by Student's t test.
expressing the PKCbII-GFP fusion protein was previously described (19) . The STAT3 inhibitor FLLL32 (39) was dissolved in DMSO and used at a final concentration of 5 µM. IL-6 (R&D Systems) was used at concentrations ranging from 1 to 150 ng/ml, with medium being changed every 2 days. KG1 cells, KG1a cells and KG1a-PKCbII-GFP clones, and K562 cells were cultured in complete medium or TCM for 14 days in the presence of PMA (10 ng/ml; Sigma-Aldrich) for 7 to 14 days (for KG1, KG1a, and KG1a-PKCbII-GFP cells) or for 5 days (for K562 cells) to drive their differentiation into DCs. Monocytes were obtained from PBMCs that were isolated by Ficoll gradient centrifugation of peripheral blood from platelet donors, which was obtained through Institutional Review Board (IRB)-approved protocols: monocytes were isolated by negative magnetic selection (StemCell Technologies) and cultured in RPMI 1640 (Gibco) containing 10% FCS (HyClone), 100 mM L-glutamine (Mediatech Inc.), 100 U of penicillin and streptomycin (Mediatech Inc.), and IL-4 (1000 U/ml; R&D Systems) or TCM supplemented with IL-4 (1000 U/ml). To stimulate their differentiation into DCs, monocytes were cultured in medium or TCM for 18 days, with GM-CSF (5 ng/ml; Sigma-Aldrich) for days 7 to 18, and in the absence or presence of TNF-a (10 ng/ml; R&D Systems) for the final 2 days. PBMCs from breast cancer patients or from healthy donors were obtained after informed consent through IRB-approved protocols from the Data Bank and Biorepository (DBBR) at Roswell Park Cancer Institute (53) before the patients received any treatment. Donor characteristics are detailed in table S1. K562 cells were electroporated with the Nucleofector system (Amaxa Biosystems) with pcDNA 3.0 plasmid encoding wild-type STAT3, or the similar pRc/CMV plasmid encoding a CA-STAT3 mutant (54) or a DN-STAT3 mutant (55) (a gift from L. Koniaris and T. Zimmers, Miller School of Medicine, University of Miami), and selected for neomycin resistance, and then single-cell clones were generated by limiting dilution.
Flow cytometry
Cells were incubated with the following antibodies: phycoerythrin (PE)-conjugated anti-CD11c, PE-conjugated anti-CD14, fluorescein isothiocyanate (FITC)-conjugated anti-CD14, PE-conjugated anti-CD40, PE-conjugated anti-CD80, PE-conjugated anti-CD83, and PE-conjugated anti-CD86 (all from Immunotech); anti-MHC class I and anti-MHC class II (VMDR Inc.); peridinin chlorophyll protein (PerCP)-conjugated anti-CD5, PE-conjugated anti-CD114 (G-CSFR), allophycocyanin (APC)-conjugated anti-CD126 (IL-6Ra), PerCP/Cy5.5-conjugated anti-CD309 (VEGFR2) (BioLegend), or the appropriate isotype controls (Immunotech and BioLegend). MHC class I, MHC class II, CD83, and CD86 were subsequently stained with PE-conjugated goat anti-mouse secondary antibody (Southern Biotechnology Associates). For intracellular PKCbII staining, monocytes or PBMCs were fixed with methanol, permeabilized with Fix and Perm buffers (Invitrogen) as previously described (56) , and incubated with anti-PKCbII antibody (Santa Cruz Biotechnology) and with APC-conjugated donkey anti-mouse secondary antibody (Jackson ImmunoResearch) before cell surface proteins were stained. Cultured monocytes were harvested through a 10-to 20-min incubation in 3 mM EDTA, washed, and resuspended in fluorescence-activated cell sorting buffer (phosphate-buffered saline, 2% FCS, 0.1% sodium azide, 10 mM Hepes) and incubated with single-color antibodies to assess the extent of their differentiation into DCs. An LSR-Fortessa or LSRII flow cytometer (both from BD Biosciences) and DIVA (BD Biosciences) and FCS Express (De Novo Software) software were used for data acquisition and analysis.
Murine models
EL4 thymoma cells were injected subcutaneously into C57BL/6 mice, whereas AT3 breast cancer cells were injected into the mammary fat pads of BALB/c mice (13) , and the mice were sacrificed when tumors reached a volume of 1500 mm 3 . Immature myeloid cells were isolated from the spleens of tumor-bearing or control mice by positive selection based on the cell surface expression of Gr1 (for the C57BL/6 mice) or CD11b (Miltenyi Biotec). All murine experiments were performed according to the protocols approved by the Institutional Animal Care and Use Committee. Blinding of these experiments was not possible, and randomization of age-matched mice before they received tumor cells was deemed unnecessary.
Microarray analysis
Total cellular RNA was isolated from cells with the RNeasy Mini Kit (Qiagen). Complementary DNA (cDNA) was prepared from RNA for analysis on Human Genome U133 Plus 2.0 gene chips (Affymetrix) by Expression Analysis, according to the manufacturer's instructions. Signal intensity and expression status for each transcript on the array were determined with the statistical algorithms contained within the Affymetrix GCOS software by Expression Analysis.
Preparation of conditioned media
MCF-7 and MDA-MB-231 cells (both derived from epithelial mammary carcinomas removed from patients) and MCF-10a cells (an immortalized, nonmalignant mammary epithelial cell line) were obtained from ATCC and cultured at 2 × 10 5 cells/ml in IMDM, 10% FCS, 100 mM L-glutamine, containing 100 U each of penicillin and streptomycin. Cells were allowed to grow for 3 days, and supernatants were centrifuged at 330g for 5 min, passed through a 0.2-mm filter to remove any remaining cells or cell debris, and either frozen at −80°C or added immediately to cell culture, as required. Unless specifically noted as being generated by MCF-7 cells, TCM was generated from MDA-MB-231 cells.
Cytokine neutralization IL-6 in TCM was neutralized with an anti-IL-6 neutralizing antibody (R&D Systems), which was added to TCM to a final concentration of 10 mg/ml for 5 min before cells were added. Depletion of G-CSF was performed as previously described (13) . Briefly, AT3 tumor-bearing mice were injected with anti-G-CSF neutralizing antibody or IgG isotype control (10 mg; R&D Systems) on day 7, when tumors became palpable. The injections were continued for 8 days, and mice were sacrificed and spleens were collected on day 30 (15 days after the final injection with anti-G-CSF).
Western blotting
Western blotting analysis was performed as previously described (19) . Membranes were incubated with antibodies against PKCbI, PKCbII, STAT3, RelB, EGFP (all from Santa Cruz Biotechnology); actin (Sigma-Aldrich); and phosphorylated ERK1/2 (pERK1/2) and pSTAT3-Y705 (both from Cell Signaling Technology). Horseradish peroxidase-conjugated anti-mouse and anti-rabbit secondary antibodies were obtained from Promega. Western blots were visualized with ECL Western Blotting Substrate (Pierce) onto x-ray film (IBF) and developed in an X-OMAT 2000 film processor (Kodak). Where indicated in the figure legends, changes in protein abundance as determined by Western blot were quantified by densitometric analysis. Western blots were scanned with an HP Scanjet G3010 (HewlettPackard), and protein abundance was quantified with Quantity One software (Bio-Rad). Proteins of interest were normalized against the relevant loading controls (for example, actin and STAT3).
Quantitative real-time PCR
Total RNA was isolated with TRIzol LS reagent (Invitrogen) or RNeasy Mini Kit (Qiagen) according to the manufacturers' instructions. Equal amounts of RNA were used to generate cDNA with the SuperScript III reverse transcriptase system (Invitrogen) or the iScript cDNA synthesis system (Bio-Rad) according to the manufacturers' protocols. Gene expression was determined with gene-specific primers (table S2) through qPCR analysis with the FastStart Universal SYBR Green system (Roche) or the iTaq Universal SYBR Green system (Bio-Rad) on AB7900HT real-time qPCR machines (Applied Biosystems), according to the manufacturers' protocols. Data are presented as the fold change in abundance relative to control (as indicated) normalized to ACTB (human) or Actb (murine).
T cell stimulation
T cells were isolated as previously described (19) . Allogeneic T cell stimulation assays were performed as previously described (19) . Briefly, monocytes, KG1 cells, K562 cells, or the KG1a-PKCbII-GFP clones E9 or E11 were cultured as described earlier, with KG1 and K562 lines cultured in the presence or absence of PMA, whereas monocytes were cultured in the presence of IL-4 with or without GM-CSF and TNF-a. These stimulator cells were then irradiated (for K562 cells: 12,000 rads of 37 Co) or treated with mitomycin C (100 µg/ml), washed thoroughly, and cultured with allogeneic T cells at a DC/T cell ratio of 1:10 (for monocytes and K562 cells) or 1:3 (for KG1 cells and the KG1a-PKCbII-GFP clones E9 and E11) for 3 days in 96-well plates. KG1 cells and monocytes were neither treated with mitomycin C nor irradiated. Over the final 14 to 18 hours, [ 
Enzyme-linked immunosorbent assay
The quantity of IL-6 in culture supernatants was measured by ELISA, as previously described (57) .
PRKCB promoter analysis
In silico promoter analysis was performed with the sequence analysis algorithms TRANSFAC and NEBcutter (41, 42) . The region corresponding to the PRKCB promoter (drawn from the NCBI Homo sapiens genome build 37.3, chromosome 16, contig NT_010393.16) was analyzed for the consensus STAT3 (GAS)-binding sequence TTNNNNNAA (40) . Generation of the initial PRKCB promoter-based reporter construct (pPKCb) was described previously (19) . KG1 cells were cultured for 20 to 24 hours at a density of 2 × 10 5 cells/ml in fresh medium before they were electroporated with the Nucleofector system (Amaxa) and the T-016 program, according to the manufacturer's instructions. Cells (2 × 10 6 ) were centrifuged at 90g, resuspended in 100 ml of Reagent V, and mixed with 2 mg of reporter construct (pGL3-basic, the unmodified pPKCb construct, or pPKCb containing site-directed mutations) together with 100 ng of the pRL-CMV transfection control plasmid (Promega) encoding Renilla luciferase. Immediately after transfection, cells were allowed to incubate in prewarmed complete medium for 2 hours and then were treated as indicated in the figure legends. Twenty-four hours later, cells were harvested and lysed, and luciferase activity was determined with the Dual-Luciferase Reporter Assay system (Promega) according to the manufacturer's guidelines, with a Monolight 3010 luminometer (Pharmingen).
ChIP assays
Following growth in TCM for the times indicated in the figure legends, DC progenitor cells were harvested, protein and DNA were cross-linked with formaldehyde, and DNA was sheared by sonication. Equal amounts of chromatin [based on protein content as determined by bicinchoninic acid protein assay (Pierce)] were incubated with antibodies against STAT1, STAT3, or STAT5 or with an IgG isotype control antibody (all from Santa Cruz Biotechnology) and were immunoprecipitated with recombinant protein A/agarose beads (Repligen). Cross-linking was reversed by overnight incubation at 65°C and elution with elution buffer (Santa Cruz Biotechnology). DNA binding was measured by real-time SYBR Green PCR (iScript cDNA synthesis, Bio-Rad) performed with promoter-specific primers for each gene of interest (see table S2 ) with an AB7900HT real-time qPCR machine (Applied Biosystems). Data are presented as fold change in the abundance of the promoter (based on the number of PCR cycles needed to reach the threshold of detection) immunoprecipitated by the specific antibody compared to the control IgG, normalized to KG1 cells cultured in normal medium.
Site-directed mutagenesis
Putative STAT3-binding sites in the PRKCB promoter contained in pPKCb were eliminated individually by site-directed mutagenesis. Primers were designed to introduce the desired mutations (table S2) and were used together with pPKC-Forward and the QuikChange II XL Site-Directed Mutagenesis Kit (Agilent Technologies-Genomics) according to the manufacturer's protocol.
Knockdown of PKCbII in K562 and monocytes with specific siRNA
The plasmids pEGFP-siPKCb and pEGFP-siEmpty were constructed as previously described (32) . K562 cells (5 × 10 6 ) and monocytes (10 × 10 6 ) were transfected with the Nucleofector system (Amaxa) with Kit-V and program T-16 (for K562 cells) or the Human Monocyte Nucleofector Kit and program Y-01 (for monocytes).
Primers for PCR, site-directed mutagenesis, and ChIP assays
All of the primers used in this study were purchased from Invitrogen. Their sequences can be found in table S2.
Statistical analysis
Data were analyzed by Student's t test, Mann-Whitney rank sum test, oneway ANOVA, and one-way ANOVA on ranks, as appropriate. Post hoc analysis for multiple pairwise comparisons following ANOVA was performed with the Student-Newman-Keuls method and Dunn's method. All tests were two-tailed. Differences were considered statistically significant when P ≤ 0.05.
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